Abstract. This paper presents flux modulation permanent magnet machines with four topologies, which have incorporated the magnetic gear structure and a stator within one machine. Four types of flux modulation permanent magnet machines are compared quantitatively. According to the location of the four structures, the four proposed machines are referred as motor I, motor II, motor III, and motor IV. This paper focuses on the performance comparative analysis of the four proposed machines by using finite element method (FEM). The output electromagnetic torque, induced voltage, cogging torque and efficiency of the four proposed machines have been investigated.
Introduction
Magnetic gear has good running performance under the condition of low speed and high torque. Combining magnetic gear and permanent magnet motor, magnetic gear composite motors, not only has the advantage of the magnetic gear that can always change the rotation speed and direction, and the overload protection, also has the advantage of large power density of the permanent magnet motor, and high reliability.
At present, the research of the permanent magnet gear mainly includes radial flux magnetic gears, axial flux magnetic gears and transverse flux magnetic gears. The radial flux magnetic gear has good torque transmission capability and high efficiency [1], the axial magnetic flux magnetic gear is suitable for the requirements of flat shape and containment isolation between input and output shafts in [2] , and the transverse flux magnetic gear is mainly used in sealing and little vibration [3] .
In recent years, many experts and scholars have proposed numerous novel magnetic gears and magnetic gear composite motors. A novel high torque-density triple-permanent-magnet-excited magnetic gear is investigated in [4] . A novel structure of dual-stator hybrid excitation synchronous motor is analyzed in [5] . In this paper, four topologies of flux modulation composite motors are proposed according to the swallow modulation block in [6] . All four of these topologies contain stator, permanent rotor, and modulating rotor. The three parts of each topology are arranged in different ways, and the third one has a different orientation of the modulating rotor from the second one. All the topologies are shown in Figure 1 . This paper compares and analyzes flux modulation permanent magnet machines with four topologies quantitatively. Torque density is a significant part to measure the performance of four different topologies. In order to guarantee the fairness and the rationality of the comparison, all four kinds of composite motor models have the same volume. They have the same outer diameter, the same axial stack length, the same stator slot, and the same winding. The amount of permanent magnets is also the same. In addition, the windings have exactly the same excitation (170A rms ,180Hz).
Structure of Four Topologies and Principle of Operation
All of flux modulation permanent magnet machines satisfy the following two equations.
(1)
(2) Where p s and p PM are the pole-pair number of the stator magnetic field and the permanent magnet motor, respectively; n m is the number of magnetic blocks of the modulating rotor.
As an important indicator of performance, the torque densities of four topologies are calculated by using finite element method (FEM). The other performance parameters are also studied. Table 1 shows the same specifications of four topologies. The all PMs of every topology have two kinds of magnetization direction. One is magnetized along the radial direction and the other is magnetized along the circumferential direction. Each two nearby PMs of two kinds of magnetization direction are magnetized in the opposite direction. Each topology has two running states. One is that the PM rotor is locked when the modulating rotor rotates at a constant speed of 600 r/min, and the other is that the modulating rotor is locked while the PM rotor rotates at a constant speed of 720 r/min. And the current density of the stator coil is 4.9 A/mm 2 . Motor I shown in Figure 1(a) is similar to basic topologies of magnetic gear composite motors, which the position of the modulating rotor is different. Motor I is a stable type of magnetic gear composite motors, which the waveform of the induced voltage is sinusoidal. The cogging torque is nearly zero. In this type, the torque of four situations is shown in Table 2 . The size of Motor II and Motor III is the same except the opening direction of the modulator block. Motor II adopting internal stator structure is shown in Figure 1(b) . The opening direction of the modulator block is toward the PM rotor.
Motor II is more unstable than Motor I. On the other hand, the structure of internal stator is good at being wheel hub motor to electric vehicles. The cogging torque is also nearly zero. The torque of four situations is shown in Table 3 . Motor III shown in Figure 1 (c) has an opposite opening direction of the modulator block to Motor II. Besides, Motor III is similar to Motor II on the whole performance. The torque of four situations is shown in Table 4 . Motor IV is shown in Figure 1 (d), which has a structure of externally modulating rotor, which is similar to Motor I on relative position of three parts. However, Motor IV is hard to be manufactured because the structure of externally modulating rotor is difficult to install. The torque of four situations is shown in Table 5 . 
Conclusion
According to the above results, the torque which is magnetized along the circumferential direction is larger than the torque which is magnetized in the other direction. The torque density comparison of two different directions of magnetization in four different topologies is shown in Figure 2 . With the same amount of permanent magnet, there are more flux lines per unit area under circumferential magnetization. No matter which topology, it can be concluded that the torque produced by rotating the middle part is larger. This is the reason why the torque is associated with the relative position of two rotating parts. Rotating the middle part is the nearest distance between two rotating parts, where the magnetic field lines pass through the smallest reluctance and the shortest path. The maximum torque density of four topologies is shown in Figure 3 . It can be noted that Motor I which has the similar topology with basic magnetic gear composite motors obtains the maximum torque, but the torque density of that is the lowest. Motor III gains the second largest torque and the largest torque density. In addition, Motor III has the least total loss. These four topologies have less cogging torque compared to the traditional permanent magnet motor. From the above, Motor III is the most superior on electromagnetic performance. However, the swallow modulating rotor is hard to be manufactured and has a high cost. 
